SAPO-34/ZSM-5 composite was synthesized with nano-sized ZSM-5 zeolite as seeds and characterized by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), nitrogen sorption, Fourier transform infrared (FTIR) and temperature-programmed desorption of ammonia (NH 3 -TPD); its catalytic performance in the conversion of methanol to hydrocarbons (MTH) was investigated. The results indicated that the as-synthesized SAPO-34/ZSM-5 composite takes the form of sphere-like particles with a diameter ranging from 2.3 to 4.8 μm, through the accumulation of tiny ZSM-5 and SAPO-34 crystals; a large quantity of mesopores was formed in the interspaces between the ZSM-5 and SAPO-34 crystals. Owing to its proper acidity and porosity, the SAPO-34/ ZSM-5 composite exhibits higher stability in MTH and favors the formation of aromatics and alkanes, compared with the parent SAPO-34 and ZSM-5 zeolites and their mechanical mixture.
Introduction
As methanol can be expediently produced via syngas from multifarious carbon sources such as coal, natural gas, and biomass, the conversion of methanol to hydrocarbons (MTH) over acidic zeolite catalysts has been turning into an increasingly important alternative to petrochemical processing to get hydrocarbons. 1, 2 Relying on the catalyst and reaction conditions employed, the MTH process may be designed to get light olefins (methanol to light olefins, MTO), gasoline (methanol to gasoline, MTG), aromatics (methanol to aromatics, MTA), and so on.
Usually, the molecular sieves of 8 to 12-membered ring are employed as the catalysts in MTH; [3] [4] [5] [6] among them, SAPO-34 and ZSM-5 zeolites have proved to be uniquely effective. SAPO-34 as a catalyst for MTO has been successfully used in commercial plants, with high yield of light olefins. 7 However, SAPO-34 is apt to deactivation from coke deposition because of its narrow channels; moreover, its phosphorus aluminum framework is hydrothermally less stable than silicon aluminum molecular sieves. Compared with SAPO-34, on the contrary, ZSM-5 exhibits excellent hydrothermal stability and better resistance to coking in MTH, but lower selectivity to light olefins.
In recent years, the synthesis of composite molecular sieves as well as their application in catalysis has attracted extensive attention. The composite molecular sieves obtained from zeolites with different frameworks may not only possess the intrinsic characteristics of the parent zeolites, but also display a peculiar capability that is deficient for the parent zeolites. For example, Fan et al. prepared various composite molecular sieves consisting of SAPO-11, Hβ, HMOR and HZSM-5; 8, 9 among them, ZSM-5/SAPO-11 composite exhibited a core-shell structure, large quantity of mesopores, moderate acidity, and then excellent catalytic performance in fluid catalytic cracking gasoline hydro-upgrading. In addition, SAPO-11/Hβ composite with modified acidity showed high catalytic activity in 2-butylene cracking. 10 The catalytic activity of micro/mesoporous β/MCM-41 composites for toluene alkylation with propylene was also greatly enhanced.
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In the alkylation of toluene with dimethyl carbonate, the selectivity to p-xylene was greatly improved over the Vol. 26, No. 2, 2015 H-MCM-22/MCM-41 composite catalyst, owing to the decrease of external Brønsted acid sites. 12 It is then expected that a composite catalyst of SAPO-34/ZSM-5 may take the advantages of both SAPO-34 and ZSM-5 and performs efficiently in MTH, giving high selectivity to specified products and long lifetime. 13, 14 A SAPO-34/ZSM-5 composite, i.e., submicron-scale agglomerates of SAPO-34 and ZSM-5, was prepared and used as an efficient catalyst in MTO. 13 Meanwhile, it is well accepted that nano-sized crystal zeolites may show high activity and long lifetime because of the large external surface and short diffusion length. 15 Hence, in this work, a SAPO-34/ZSM-5 composite consisting of nano-sized SAPO-34 and ZSM-5 zeolite crystals was synthesized with nano ZSM-5 zeolite as seeds. The SAPO-34/ZSM-5 composite was characterized by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), nitrogen sorption, Fourier transform infrared (FTIR), and temperature-programmed desorption of ammonia (NH 3 -TPD); its catalytic performance in MTH was investigated and compared with that of the mechanical mixture of SAPO-34 and ZSM-5.
Experimental

Synthesis procedures
ZSM-5 zeolite with a Si/Al ratio of 200 was hydrothermally synthesized with tetraethyl orthosilicate (TEOS) as the Si source, aluminum isopropoxide as the Al source, and tetrapropylammonium hydroxide (TPAOH) as the template according to the composition of 6 TPAOH:0. SAPO-34/ZSM-5 composite was synthesized by employing the ZSM-5 zeolite as seeds. An appropriate amount of ZSM-5 seeds (in protonic form) was added to the synthesis precursor of SAPO-34. The resultant gel was crystallized at 170 °C under continuous stirring for 3 days. Two sets of SAPO-34/ZSM-5 composite with a weight ratio of SAPO-34 to HZSM-5 being 1 and 1/2 were obtained, which are denoted as C-1 and C-2, respectively.
All the solid products were separated by centrifugation, washed with distilled water for several times, and dried at 100 °C overnight, followed by calcination at 550 °C for 10 h to remove the organic template. To obtain the protonic form ZSM-5, the as-synthesized sample was further treated with 1.0 mol L -1 NH 4 NO 3 solution, by refluxing twice at 85 °C for 5 h, and then calcined at 540 °C for 6 h.
For comparison, a mechanical mixture of SAPO-34 and ZSM-5 (denoted as MM) was prepared with an equivalent weight of HZSM-5 and SAPO-34 zeolites.
Characterization XRD patterns of the as-synthesized samples were recorded at a Rigaku, MiniFlex II desktop X-ray diffractometer using a Cu Kα radiation (30 kV, 15 mA), in 2θ range of 5-40° with a scanning speed of 4° min -1 , to identify the crystalline phase.
SEM images of the as-synthesized samples were obtained on a JEM-2010 scanning electron microscopy. High resolution transmission electron microscopy (TEM) measurements were performed on a JEM-2010 transmission electron microscope.
Nitrogen adsorption-desorption isotherms of the calcined samples were obtained on a BELSORP-max instrument at -196 °C. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method on the basis of the nitrogen adsorption data in the p/p 0 range corresponding to the linear region of the BET plot. The total pore volume was estimated with the amount of nitrogen adsorbed at the p/p 0 = 0.99. The microporous volume and external surface area were calculated by the t-plot method. The micropore surface area was taken as the difference between the total and external surface areas, whereas mesopore volume was the difference between the total and micro pore volumes. The samples were evacuated at 300 °C for 8 h under high vacuum prior to the adsorption measurement.
Infrared (IR) spectra of the calcined samples, which were pressed into a thin wafer with KBr, were acquired in a transmittance mode on a BRUKER TENSOR 27 FTIR spectrometer.
The acidic properties of zeolite samples were determined by NH 3 -TPD on an Autochem II 2920 equipment (Micromeritics, USA). Typically, 0.2 g zeolite sample was loaded into a U-type quartz tube reactor and pretreated in helium atmosphere at 600 °C for 30 min. After cooling down to 120 °C, the sample was exposed to a flow of NH 3 for 30 min. After that, the system was purged with helium at 120 °C for 30 min to remove the physisorbed NH 3 . The NH 3 -TPD profile was then recorded with a thermal conductivity detector (TCD) at temperatures from 120 to 600 °C at a heating rate of 10 °C min -1 .
Catalytic tests
The reaction of methanol to hydrocarbons (MTH) was conducted in a fixed-bed micro-reactor under atmospheric pressure at 450 °C, with a weight hourly space velocity (WHSV) for methanol of 1 h -1 . High purity nitrogen was used as a diluent gas and the molar fraction of methanol in the feed was 0.2. The gaseous reaction products were analyzed by an on-line gas chromatograph (GC 2014C) equipped with a flame ionization detector (FID) and an Al 2 O 3 column and a polyethylene glycol column. The liquid products in aqueous and oil phases were measured by two off-line gas chromatographs (Agilent 7890, FID), the former with an Agilent 19091N-136 column and the latter with an Agilent 19091S-00 column.
Results and Discussion
Structure of the SAPO-34/ZSM-5 composite This may be ascribed to that the addition of ZSM-5 seeds in the precursor leads to a fast formation of crystal nuclei during the synthesis of the composite zeolites. The characteristic peaks for ZSM-5 are stronger in the XRD pattern of C-2 than that of C-1, as more ZSM-5 seeds are introduced to synthesize C-2. In addition, there is a slight shift of diffraction peaks towards lower angle for the SAPO-34/ZSM-5 composites with respect to the parent ZSM-5 and SAPO-34 zeolites, which is not observed for the mechanical mixture, suggesting that there exists an interface interaction between ZSM-5 and SAPO-34 in the composites.
IR spectra of the calcined zeolite samples in the range of 400-1400 cm -1 are shown in Figure 2 . For ZSM-5, the bands at 1100, 800 and 450 cm -1 were assigned to the internal vibrations of SiO 4 and AlO 4 , whereas the bands near 550 and 1220 cm -1 were ascribed to the double-rings vibration and the asymmetric stretching of SiO 4 and AlO 4 in the zeolite framework, respectively. 16 For SAPO-34, the band at 1200-1000 cm -1 was assigned to the asymmetric stretch of T-O tetrahedra, whereas the bands at 740, 640 and around 500 cm -1 were corresponding to the symmetric stretch of T-O tetrahedra, the vibration of double 6-membered rings and the bending of T-O, respectively. 17 The MM and composites (C-1 and C-2) exhibit all the characteristic IR bands of the parent SAPO-34 and ZSM-5; however, the bands near 1100 cm -1 for the SAPO-34/ZSM-5 composites are shifted towards lower wavenumbers. These results further prove the interface interaction between SAPO-34 and ZSM-5 crystals in the composite, consistent with the XRD results. Figure 3 shows the SEM images of the as-synthesized SAPO-34/ZSM-5 composites (C-1 and C-2), together (Figure 3d) . By increasing the amount of ZSM-5 seeds in the synthesis precursor, the sphere-like crystals of the C-2 composite (with a SAPO-34/ZSM-5 weight ratio of 1/2) becomes smaller and the sphere size distribution is more uniform (Figure 3e ), compared with that of C-1. Meanwhile, some small crystalline particles of surplus ZSM-5 seeds can also be observed in C-2 ( Figure 3e ). The sphere-like SAPO-34/ZSM-5 composites seems to be formed through the accumulation of small crystalline particles of SAPO-34 and ZSM-5. An energy disperse spectroscopy (EDS) analysis was then performed for the microspheres of C-1 and C-2 composites and the distribution of the various elements is illustrated in Figure 4 . The well-proportioned changes in the P, Si and Al contents in two composites along with the scanning points suggest that all the elements are uniformly distributed in the composite microspheres. Compared with C-1, C-2 has a higher content of Si, which is relevant to the higher amount of ZSM-5 seeds in the synthesis precursor. The TEM images of the SAPO-34/ZSM-5 composite (C-1) shown in Figure 5 further confirmed that the composite microspheres is formed as a homogeneous aggregation of small SAPO-34 and ZSM-5 crystallites.
Textural properties
The nitrogen adsorption-desorption isotherms of the as-synthesized zeolite samples are displayed in Figure 6 and their textural properties derived are summarized in Table 1 . SAPO-34 exhibits a type I isotherm, indicating that it has a microporous structure. ZSM-5 shows a steep uptake at a high relative pressure of above 0.9, which is attributed to the inter-particle voids formed by agglomeration of the nano-sized ZSM-5 crystals, 18 as also be witnessed by its SEM image (Figure 3b) . The MM has a combined isotherm of two parent molecular sieves, with a specific surface area and pore volume between those of SAPO-34 and ZSM-5. However, the adsorption-desorption isotherms of the SAPO-34/ZSM-5 composites (C-1 and C-2) are significantly different from that of the mechanical mixture; there is a hysteresis loop at a relative pressure above 0.4, indicative of substantial mesoporosity. The appearance of the mesopores in the composites may arise from interspaces between ZSM-5 and SAPO-34 with different framework structures. With the increase of ZSM-5 content in the composite, the hysteresis loop becomes larger. Meanwhile, the mesoporous surface area and pore volume of the composite C-2 are also much higher than those of C-1, as listed in Table 1 , whereas the microporous surface area and pore volume of these two composites are at the same level. As a result, it can be inferred that the increment of mesopores in the composite C-2 is mainly ascribed to the interspaces formed between ZSM-5 and SAPO-34 crystals as well as those among the small ZSM-5 crystals.
Acidic properties NH 3 -TPD profiles are displayed in Figure 7 , to clarify the nature and distribution of the acid sites on the as-synthesized zeolites. Two desorption peaks corresponding to the weak and strong acid sites appear on the NH 3 -TPD profiles of SAPO-34 and ZSM-5 as well as their MM. SAPO-34 has the most and strongest acid sites. Because of the high Si/Al ratio (200) and small crystal size, the acidic density of ZSM-5 synthesized in this work is relatively low. The acidic distribution of the MM is just an average of two parent zeolites. However, the acidic distribution of the SAPO-34/ZSM-5 composites is quite different from those of the parent zeolites and their mechanical mixture; the profiles of the composites only have a desorption peak at low temperature corresponding to weak acid sites. Compared with the parent zeolites, the fraction of strong acidic sites for the SAPO-34/ZSM-5 composites is remarkably reduced. Meanwhile, Figure 7 also illustrates that the acidic quantity and strength of the composite C-2 with higher ZSM-5 content are slight higher than those of the composite C-1.
Catalytic performances
To characterize the catalytic performances of the SAPO-34/ZSM-5 composites in the MTH reaction, the conversion of methanol as a function of time on stream over various zeolites are illustrated in Figure 8 ; meanwhile, the methanol conversion and product distribution for MTH after reaction for 4 h are listed in Table 2 . All the zeolite samples exhibit a high initial activity, with a high methanol conversion (> 97%) at the initial stage. SAPO-34 deactivates very quickly, whereas ZSM-5 has the longest life time. Meanwhile, little improvement in the catalytic stability is observed for the MM of ZSM-5 and SAPO-34. However, the catalytic stability of the SAPO-34/ZSM-5 composites, especially C-2 with a SAPO-34/ZSM-5 weight ratio of 1/2, is remarkable enhanced and even close to that of ZSM-5. Obviously, the combination of ZSM-5 into SAPO-34 in the composite can improve the catalyst stability to a large extent relative to that of SAPO-34. This may be attributed to that the SAPO-34/ZSM-5 composites are provided with mesoporous structure, small crystal size, and relatively weak acidity, which is effective in promoting the product diffusion and alleviating the coke deposition.
As for the product distribution for MTH, SAPO-34 gives high selectivity to light olefins, especially to ethene, whereas ZSM-5 yields more higher olefins like propene and butene. Compared with the parent SAPO-34 and ZSM-5 zeolites as well as their mechanical mixture, however, the selectivity to total alkenes over the composites C-1 and C-2 is evidently reduced, whereas the selectivity to total alkanes and aromatics is enhanced, suggesting the SAPO-34/ZSM-5 composites are in favor of the formation of alkanes and aromatics. It is well known that the catalytic activity and selectivity of zeolites for MTH reaction are influenced not only by their pore dimensions but also by their acidic properties; 19 the formation of light alkenes are favored on strong acid sites and narrow pores. Hence, the decrease of the selectivity to alkenes over the SAPO-34/ZSM-5 composites can be attributed to the decrease of strong acid sites and the improvement in meso-porosity.
Conclusions
By using the nano-sized ZSM-5 zeolite as seeds, SAPO-34/ZSM-5 composite was successfully synthesized. The as-synthesized SAPO-34/ZSM-5 composite takes the form of sphere-like particles with a diameter ranging from 2.3 to 4.8 μm, through the accumulation of tiny ZSM-5 and SAPO-34 crystals; a large quantity of mesopores was formed in the interspaces between ZSM-5 and SAPO-34 crystals. Meanwhile, the fraction of strong acidic sites for ; the molar fraction of methanol in the feed is 0.2, through the dilution with nitrogen. The data were acquired after 4 h on stream. Owing to the proper acidity and porosity, the SAPO-34/ ZSM-5 composite exhibits higher stability in MTH and favors the formation of aromatics and alkanes, compared with the parent SAPO-34 and ZSM-5 zeolites and their mechanical mixture.
